ABSTRACT At temperate latitudes, vectors and pathogens must possess biological mechanisms for coping with cold temperatures and surviving from one transmission season to the next. Mosquitoes that overwinter in the adult stage have been proposed as winter maintenance hosts for certain arboviruses. In the cases of West Nile virus (family Flaviviridae, genus Flavivirus) and St. Louis encephalitis virus (family Flaviviridae, genus Flavivirus), discovery of infected overwintering females lends support to this hypothesis, but for other arboviruses, in particular Eastern equine encephalomyelitis virus (family Togaviridae, genus Alphavirus, EEEV), overwintering of the virus in mosquito hosts as not been demonstrated. In the current study, we collected overwintering mosquitoes from a focus of EEEV transmission in the southeastern United States to determine whether mosquitoes serve as winter maintenance hosts for EEEV and to document overwintering biologies of suspected vectors. No virus was detected via reverse transcription-polymerase chain reaction of Ͼ500 female mosquitoes collected during three winters. Investigation into the winter biologies indicated that Anopheles punctipennis (Say), Culex erraticus (Dyar & Knab), Culex peccator Dyar & Knab, and Uranotaenia sapphirina (Osten Sacken) overwinter as females. Females of these species were collected from hollow trees and emergence traps placed over ground holes. Southern magnolia, Magnolia grandiflora L., trees were preferred overwintering sites of culicine mosquitoes. Emergence from underground overwintering sites peaked in mid-March, when air temperatures reached 18 Ð22ЊC, and the Þrst bloodengorged females of Cx. erraticus and Cx. peccator were collected during this same period. Blood-fed Culex territans Walker females were collected as early as mid-February. This work provides insight into the overwintering biologies of suspected virus vectors at a site of active EEEV transmission and provides limited evidence against the hypothesis that EEEV persists through intertransmission periods in overwintering mosquitoes.
Mosquitoes that inhabit temperate latitudes must be adapted to surviving low winter temperatures. Each species is adapted to withstand the perils of the winter in one life stage or another. For those mosquito species that overwinter in the adult stage, most do so in locations protected from wind, precipitation, and extreme ßuctuations in temperature. These locations include natural shelters, such as underground animal burrows, caves, and hollow trees, or artiÞcial structures, including sewer systems, tunnels, outbuildings, barns, and other buildings (Hinman 1935 , Zukel 1949 , Wallis et al. 1958 , Bailey et al. 1978 , Nasci et al. 2000 .
From an epidemiological standpoint, overwintering mosquitoes may be important in the winter maintenance and spring emergence of some mosquito-borne viruses. Vertebrate hosts are not continually viremic and therefore the viruses also must have mechanisms for surviving winters, when activity of the vectors is disrupted (Reeves 1974) . West Nile virus (family Flaviviridae, genus Flavivirus, WNV) and St. Louis encephalitis virus (family Flaviviridae, genus Flavivirus, SLEV) have been isolated from overwintering Culex mosquitoes in New York City (Nasci et al. 2000) and Maryland and Pennsylvania (Bailey et al. 1978) , respectively, supporting the hypothesis that mosquitoes may be important in the overwintering of some viruses. Although other overwintering mechanisms also may exist, such as hibernating vertebrate reservoirs or migrating avian hosts, little or no evidence for the viability of these mechanisms have been demonstrated (reviewed in Rosen 1987) .
The overwintering mechanism of eastern equine encephalomyelitis (family Togaviridae, genus Alphavirus, EEEV) has been especially enigmatic (Scott and Weaver 1989) , and Þeld and laboratory studies have failed to demonstrate overwintering of virus in either the mosquito vector (reviewed in Scott and Weaver 1989) or vertebrate hosts (reviewed in Scott 1988) . The only Þeld study to have examined the importance of overwintering adult mosquitoes in the winter maintenance of EEEV was conducted in the northeastern United States (Wallis et al. 1958 ) and found no evidence to support the hypothesis that EEEV overwinters in mosquitoes. Other studies have investigated the role of overwintering mosquito larvae [particularly Culiseta melanura (Coquillett)] in the winter persistence of EEEV, but similarly, these studies were inconclusive or provided evidence against this hypothesis (Watts et al. 1987) .
Recent studies have shown that the ecology of EEEV differs throughout its range, with important vectors and reservoirs varying with region (Cupp et al. 2003 , Cohen et al. 2009 ). In the southeastern United States, many of the epizootic vectors differ from those of the northeastern United States; therefore, different mosquito species could be involved in the overwintering of EEEV. In the current study, we collected overwintering mosquitoes from a southeastern site of EEEV transmission to 1) test for presence of EEEV viral RNA in overwintering female mosquitoes of species previously testing positive for EEEV at our site and 2) document winter biologies of these species.
Materials and Methods
All Þeldwork was conducted in Tuskegee National Forest, Macon Co., AL. Previous collections at this site yielded EEEV virus-positive females of a number of mosquito species, including Culex erraticus (Dyar & Knab), Cs. melanura, Aedes vexans (Meigen), Coquillettidia perturbans (Walker), Uranotaenia sapphirina (Osten Sacken) (Cupp et al. 2003) , Culex peccator Dyar & Knab (Cupp et al. 2004) , and Culex territans Walker (T.R.U. et al., unpublished data). Of these species, Cx. erraticus, Ur. sapphirina, and Cx. peccator are known to overwinter as inseminated females (Hinman 1935 , Zukel 1949 . We therefore focused our collections on adults of these species by using a variety of methods, including fumigation of hollow trees (Zukel 1949) , ground emergence traps (Harwood 1962) , and aspiration from accessible resting sites. Mosquitoes were collected during the late fall and winter (NovemberÐMarch) of 2006 Ð2007, 2008 Ð2009, and 2009 Ð2010. In winter 2006 Ð2007, only ground emergence traps and aspiration from accessible resting sites were used. In late fall and winter 2008 Ð2009 and 2009 Ð2010, we focused our efforts on collecting overwintering female mosquitoes from hollow trees, by using the fumigation method. In addition, females questing on Þeldworkers or actively ßying about were collected opportunistically, via sweep net, vacuum aspiration, or both.
Fumigation. Once a hollow tree with a basal opening was located, the tree was examined for other (exit) holes, which were blocked by stufÞng with leaves. If exit holes were deemed too large (Ͼ0.3 m 2 ), too numerous (Ͼ10), or too high (Ͼ2 m above the ground), the tree was not fumigated. A piece of white fabric was placed on the ground, inside the base of the hollow tree, to provide a visually contrasting surface for fumigated mosquitoes to fall upon and facilitate their collection. A small block of white pine wood (2 by 13 by 20 cm) was placed on the fabric and a small tin can placed on top of the block of wood. A cotton ball, soaked in a 50:50 suspension of kerosene and sulfur powder, was placed inside the can and ignited. The main opening of the tree was then covered with a sheet of plastic, secured to the tree by twine. The Þre was allowed to burn for 5 min, at which point the plastic cover was removed and the Þre extinguished. The white fabric was then gently removed from the tree and all fumigated arthropods found on the fabric placed in test tubes. All tree species encountered with suitable characteristics (basal opening, hollow core) were fumigated. No trees were fumigated more than once. In fall and winter 2008 Ð2009 (NovemberÐFeb-ruary) and 2009 Ð2010 (DecemberÐFebruary), 14 and 69 trees, respectively, were fumigated.
Aspiration. The aspiration of resting females consisted of locating easily accessible resting sites and using a hand-held vacuuming device to collect resting mosquitoes. Natural resting sites included tree cavities, root masses, and animal (beaver) burrows. ArtiÞcial resting sites included trash cans (BurkettCadena et al. 2008) , Þber pots (Komar et al. (1995) , and wooden resting boxes (Edman et al. 1968) .
Ground Emergence Traps. Traps for collecting mosquitoes emerging from underground overwintering sites were constructed of galvanized 1.3-by 1.3-cm hardware cloth, black plastic trash bags, and funneltype collection chambers ( Fig. 1) , modiÞed from Harwood (1962) . A 1-m 2 section of fencing, covered with a plastic trash bag, was used to construct a slightly convex frame that was placed over an animal burrow or hole in the ground. The frame limited locations where underground mosquitoes could exit subterranean cavities. A circular hole (0.1 m in diameter) was cut into the center of the plastic, just large enough to accept the funnel-type collection chamber. Female mosquitoes, emerging from underground overwintering sites, would then become entrapped in the collection chambers. Three emergence traps were placed in the Þeld in mid February 2007 and checked three to Þve times weekly through the end of March.
Virus Identification. Detection of virus followed previously published methods (Cupp et al. 2003) . In brief, pools of mosquitoes, consisting of Յ50 individuals, were homogenized in tissue culture medium, followed by RNA puriÞcation, viral RNA extraction, and detection by using a nested reverse transcriptasepolymerase chain reaction (RT-PCR) assay. Positive controls consisted of RNA from EEEV virus (strain NJ60) provided by the Centers for Disease Control and Prevention (Fort Collins, CO). Negative controls were sham extractions done at the time of sample RNA preparation.
Analysis. To determine whether mosquitoes were using hollow trees of some tree species more than others, we calculated forage ratios (Hess and Swartz 1940) , values that compare the rate at which a resource is used, relative to its availability (formula 1).
(females from tree species A/total females from all trees) (number of A trees/total trees) If the calculated ratio equals 1, then that tree species is used by overwintering mosquitoes in proportion to its relative abundance. Values Ͼ1 indicate "preference" and Ͻ1 "avoidance." Preference was considered to be statistically signiÞcant (Manly et al. 2002) if 95% conÞdence intervals surrounding the forage ratio did not include 1 (no preference). Standard errors and 95% conÞdence intervals were calculated using published methods (Manly et al. 2002) . Trees from which no mosquitoes were recovered were not included in forage ratio calculations.
To investigate seasonal patterns of mosquito emergence from underground overwintering sites, we calculated the number of females recovered from emergence traps per trap day for each week. The resulting values were plotted alongside the number of bloodfed females per collection hour and together, interpreted as the seasonal initiation of adult mosquito activity. Average weekly high temperatures were calculated as the mean high temperature reading for each 7-d period. Temperature data were obtained from a weather station maintained by the R. G. Pitts Airport, Ϸ24 km from the edge of the study site. Linear regression analysis was used to investigate the relationship between mosquito emergence from overwintering sites and temperature. The cumulative mean of female mosquitoes collected from winter emergence traps (females per trap day) was used as the dependant variable and average weekly high temperature as the independent variable.
Results
In total, 619 female mosquitoes from eleven species was collected during late fall and winter periods of (Table 1 ). All mosquitoes were tested for presence of EEEV viral RNA. None of the pools tested positive for EEEV.
Overwintering females of Cx. erraticus, Cx. peccator, An. punctipennis, and Ur. sapphirina were collected from hollow trees using the fumigation method. No males or blood-engorged females of any species were collected from fumigated hollow trees. Ur. sapphirina was the species most often recovered (Fig. 2) and in greatest numbers (Table 2), followed by Cx. peccator, Cx. erraticus, and Anopheles punctipennis (Say) ( Table  2) . American beech (Fagus grandifolia Ehrh.) was the most commonly encountered tree species at our study site that had hollow cores and basal external openings, followed by southern Magnolia (Magnolia grandiflora), and Water Oak (Quercus nigra). Although beech trees with hollow cores were common, they were avoided as overwintering sites by all but one mosquito species, An. punctipennis (Fig. 3) , which preferred beech over other tree species. Other tree species at our study site with hollow cores included Sweetgum (Liquidambar styraciflua L.), and pignut hickory (Carya glabra Miller) as well as several unidentiÞed hardwood trees that were without foliage and not recognized by Þeldworkers and were not marked at the time of collection, making future determinations unreliable. Mosquito species varied with respect to the tree species from which more overwintering females (on average) were recovered (Table 2) . On average, more Ur. sapphirina females were collected from southern magnolia than any other tree species, and magnolia was the only tree species to be signiÞcantly preferred by overwintering Ur. sapphirina females (Fig. 3) . The number of Ur. sapphirina females recovered from any single tree was quite variable (Fig. 2) . From just two trees, 30 and 33 females were recovered by fumigation, accounting for nearly one third (31.7%) of the total Ur. sapphirina females collected during the three year study. More Cx. peccator females, on average, were recovered from magnolia than from American beech, water oak, or sweetgum (although the greatest numbers were from unidentiÞed hardwood trees). For Cx. erraticus, greater numbers were collected from oak and magnolia than from beech or sweetgum. Relative to their abundance, oak trees were the preferred overwintering tree species of Cx. erraticus (Fig. 3) , although preference was not statistically signiÞcant. Females of An. punctipennis were only recovered from beech trees. Cx. territans females, although regularly aspirated from easily accessible resting sites as early as 8 February, were never collected from fumigated hollow trees.
No blood-fed females of any species were collected by aspiration of accessible resting sites during the Þrst half of February. However, blood-engorged Cx. territans females were encountered in the latter half of February and throughout March (Fig. 4) . In contrast, the Þrst blood-engorged females of Cx. erraticus and Cx. peccator were not encountered until mid-and late March, respectively (Fig. 4) . Other mosquito species The number of females collected from emergence traps peaked in mid-March, after a rise in average high air temperature to Ϸ20ЊC (Fig. 5) . The cumulative number of female mosquitoes collected from winter emergence traps was signiÞcantly positively associated with the average weekly high temperature (R 2 ϭ 0.80, F ϭ 12.0, P ϭ 0.041).
Discussion
In the current study, we conducted mosquito collections during three winters to determine preferred overwintering spots of wetland mosquitoes, the date(s) of emergence from overwintering sites, and test the hypothesis that overwintering mosquitoes may serve as the winter maintenance host of EEEV in the southeastern United States.
No overwintering female mosquitoes tested positive for EEEV. Despite extensive sampling during two consecutive winters, our sample sizes were admittedly low (619 total females). However, as pointed out by Wallis et al. (1958) , the population of overwintering mosquitoes in nature is probably so small that even low numbers represent a relatively large proportion of the overwintering population. Nonetheless, with our low sample sizes it would be extremely unlikely to collect and detect an EEEV-positive female, given the naturally low rates of Þeld infection in mosquitoes. Alone, our study cannot discount the possibility that mosquitoes play some role in the overwintering of EEEV, although our data and those of Wallis et al. (1958) , who collected and tested 2,569 overwintering female mosquitoes for EEEV, do not support this hypothesis.
Our results suggest that each species of mosquito prefers or avoids particular tree species for overwintering sites (Fig. 3) . The Þndings conßict with those of the only other published study to examine the relationship between mosquitoes and overwintering in hollow trees (Zukel 1949 ). Zukel found no association between mosquitoes and the tree species that were used as overwintering sites. However, the ßora at ZukelÕs site (in southwestern Georgia) was quite different, with 45 of the 55 trees fumigated being live oaks (Quercus virginiana Mill.), a species not encountered at our own site (although present at nearby locations). Beech and magnolia trees were abundant at our own site, whereas in ZukelÕs study only one magnolia and no beech trees were fumigated. In addition, because Ͼ80% of ZukelÕs trees were of a single species (live oak), it would be difÞcult to detect preferences among trees species. In general, our study found that mag- Relationship between spring emergence of overwintering mosquitoes and air temperature. y-axis, cumulative female mosquitoes collected from winter emergence traps, per trap day; z-axis, average weekly high temperature. Tuskegee National Forest, Macon Co., AL, 2007. nolias are preferred trees for overwintering females of Cx. erraticus, Cx. peccator and Ur. sapphirina, and beech were preferred by An. punctipennis. The recovery of Cx. erraticus, Cx. peccator, and Ur. sapphirina females from fumigated hollow trees and the lack of males or engorged females supports the idea that these species overwinter as inseminated females. No adults of these species were aspirated from accessible resting sites (transient resting sites used by active adults) during the coldest periods (December through midFebruary), further supporting this notion. Preference for one species of tree versus another is probably due to physical properties of the trees which affect the temperature and humidity within the tree, ultimately affecting the speciÞc physiological requirements of overwintering mosquitoes. Size, number, and location of the hole probably affect the amount of air passing through the tree interior. Thickness of the trunk may affect the insulative properties of the tree as well. Although it is not likely that a mosquito species actually prefers one species of tree versus another for overwintering, variables such as trunk thickness and number of holes are probably fairly constant within a tree species, affecting the overall suitability of a tree species to overwintering-site seeking females or may affect mosquito survival during hibernation.
Spring emergence of mosquitoes from overwintering sites was signiÞcantly positively associated with average temperature and peak emergence followed a rise in mean maximum air temperature of 20ЊC. Nearly 90% (89.0) of females collected from emergence traps were from a 2-wk period (Fig. 4) , suggesting that emergence occurs in a highly synchronized manner, and that the timing of emergence is driven by ambient temperature. This is not surprising, given the number and variety of invertebrates whose emergence from overwintering sites is temperature dependant, including Hemiptera (Jones and Sullivan 1981) and other Diptera (Tauber et al. 1982) .
Blood-engorged females of three mosquito species (Cx. territans, Cx. erraticus, and Cx. peccator) were collected by aspiration from resting sites during the late winter period (mid-FebruaryÐMarch), indicating that some species of mosquitoes of temperate areas are actively blood-feeding signiÞcantly earlier in the year than has been demonstrated by other studies. Robertson et al. (1993) found that Ϸ10% of Cx. erraticus females in their Þrst collection of the year (mid-April) were blood fed. In the current study, the Þrst bloodengorged Cx. erraticus female was collected 13 March, a full month before those reported by Robertson et al. (1993) . This difference between sites may be due to local differences in temperature (not date); however, this is difÞcult to determine, because Roberts et al. (1993) did not report temperature data in their study. In 2007, substantial numbers of blood-engorged Cx. territans females were collected in February and March. Blood-meal analysis demonstrated that these females had fed on the blood of spring-breeding frogs (Burkett-Cadena et al. 2008 ). The Þrst Þeld-collected blood-engorged Cx. erraticus female, collected 13 March, fed on a white-tailed deer (Odocoileus virginianus), whereas the Þrst two blood-engorged Cx. peccator females, both collected 22 March, fed on an eastern cottontail (Sylvilagus floridanus) and whitetailed deer (T.R.U. et al., unpublished data). Late winter blood-feeding by vector species on viremic hosts could be important in the initiation of springtime enzootic ampliÞcation of arboviruses such as EEEV, potentially affecting late-season spillover into dead-end hosts. Recent work suggests that some snakes are capable of supporting long-term virus replication, especially at low temperatures (White et al. 2011) . Although overwintering of EEEV in infected snakes has yet to be demonstrated in the Þeld, it is plausible that questing mosquitoes may encounter viremic snakes in the vicinity of shared overwintering sites in the late winter period, initiating early spring transmission of EEEV.
Winter biology is an interesting and complex part of the mosquito life cycle in temperate areas. Our investigations of those species that overwinter as adults found that preferred overwintering sites vary according to the mosquito species, as does the date which adult activity (blood-feeding and emergence from overwintering sites) commences. None of the overwintering females collected during three winters tested positive for EEEV, suggesting that some other mechanisms for winter persistence of EEEV, such as low-level infection in vertebrate hosts (i.e., snakes) (White et al. 2011) , are more important than overwintering female mosquitoes.
